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Due to the acidic nature of the stomach, enteric organisms must withstand extreme acid stress for coloni-
zation and pathogenesis. Escherichia coli contains several acid resistance systems that protect cells to pH 2.
One acid resistance system, acid resistance system 2 (AR2), requires extracellular glutamate, while another
(AR3) requires extracellular arginine. Little is known about how these systems protect cells from acid stress.
AR2 and AR3 are thought to consume intracellular protons through amino acid decarboxylation. Antiport
mechanisms then exchange decarboxylation products for new amino acid substrates. This form of proton
consumption could maintain an internal pH (pH;) conducive to cell survival. The model was tested by
estimating the pH; and transmembrane potential (AW) of cells acid stressed at pH 2.5. During acid challenge,
glutamate- and arginine-dependent systems elevated pH; from 3.6 to 4.2 and 4.7, respectively. However, when
pH; was manipulated to 4.0 in the presence or absence of glutamate, only cultures challenged in the presence
of glutamate survived, indicating that a physiological parameter aside from pH; was also important. Mea-
surements of AW indicated that amino acid-dependent acid resistance systems help convert membrane
potential from an inside negative to inside positive charge, an established acidophile strategy used to survive
extreme acidic environments. Thus, reversing AW may be a more important acid resistance strategy than

maintaining a specific pH; value.

Enteric organisms that colonize and cause disease in the
human intestine must first endure a transient but extreme acid
challenge in the stomach. The normal human stomach presents
an antimicrobial acid environment averaging pH 2, with an
emptying time of approximately 2 h (53). As a result, acid-
sensitive pathogens like Vibrio cholerae must be ingested in
massive numbers (10 to 100 million) to increase the possibility
that some will survive and enter the intestine. Other microbes,
such as Escherichia coli and Shigella, can colonize or cause
disease even when small numbers of cells (10 to 100) are
ingested. These resilient microbes are equipped with potent
acid resistance systems able to withstand pH 2 challenge for at
least 2 h (11, 31, 32, 52). In fact, E. coli possesses a level of acid
resistance rivaling that of the gastric pathogen Helicobacter
pylori (39, 45, 50, 59).

It has now been shown that E. coli uses four inducible acid
resistance systems to survive extreme acid environments. Acid
resistance system 1 (AR1), also referred to as the oxidative or
glucose-repressed system, is acid induced in stationary phase.
Its expression requires the alternative sigma factor RpoS and
the cyclic AMP receptor protein CRP (11). However, the
structural components of AR1 as well as the mechanism by
which it protects are still unknown. The second AR system,
AR2, requires extracellular glutamate to work at pH 2.0 and is
induced upon entry into stationary phase or by log-phase
growth in acidic minimal medium (10). Known components of
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glutamate-dependent acid resistance include two isoforms of
glutamate decarboxylase (GadA and GadB) and a putative
glutamate:y-aminobutyric acid (GABA) antiporter called
GadC (11, 12, 19, 33, 46). The third system, AR3, is similar to
AR?2 except that AR3 only protects cells if extracellular argi-
nine is present. AR3 is induced by low pH under anaerobic
conditions and has only been demonstrated following growth
in complex media. This arginine-dependent system is com-
posed of the acid-inducible arginine decarboxylase AdiA and
the AdiC antiporter, which exchanges extracellular arginine for
the intracellular end product of decarboxylation, agmatine (11,
15,22, 31). The last AR system was recently described as lysine
dependent and probably involves the inducible lysine decar-
boxylase (22).

Although it is clear that these systems protect E. coli during
transient exposure to pH 2, how they actually function has
been subject to speculation. It is believed that AR2 and AR3
protect the cell from acid stress by consuming intracellular
protons during each decarboxylation reaction (11, 14). The
siphoning off of intracellular protons was proposed to enhance
pH homeostasis and allow the cell to maintain an internal pH
compatible with viability. This model suggests that a specific
internal pH may be crucial for survival during exposure to
extreme acid stress. If the cell’s internal pH fell below that
point, it would succumb. The data obtained in the present
study indicate that maintenance of a specific internal pH may
not be paramount to cell survival. Survival may depend on E.
coli taking an approach used by acidophiles, which is to reverse
the electrical membrane potential (A¥) in the presence of
extreme low pH. Converting membrane potential from nega-
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tive inside to positive inside can repel protons and mitigate the
excess proton motive force (PMF) that can form.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study in-
cluded EK227, wild-type K-12; EK592, wild-type MG1655; EK590, AclcB AclcA
(derived from MG1655 [24]); EF333, gadC::Tnl0 (3); EF522, gadA::pRR10 (AP)
gadB::Tnl0 (3); and EF996, AuncB-C ilv::Tnl0 (derived from EK227). Media
included Luria-Bertani broth (LB) and brain heart infusion (BHI) medium
containing 0.4% glucose (LBG and BHIG). LB broth, where indicated, was
buffered with either 100 mM morpholinepropanesulfonic acid (MOPS; pH 8.0)
or morpholineethanesulfonic acid (MES; pH 5.0). For internal pH measure-
ments, these media also contained 25 mM sucrose to block nonspecific binding
of radiolabeled sucrose (see below). Acid challenge medium was minimal EG
(58) prepared at various pH values (adjusted with HCI). For the reasons noted
above, EG also contained 25 mM sucrose when used for internal pH measure-
ments. To test whether Na*- or K*-deficient medium was important, Milli-Q
Ultrapure water was prepared at pH 2.5 either with or without 1 mM glutamic
acid - HCI. In addition, a Na*- and K*-deficient medium (M63 K/Na-deficient)
containing 15 mM (NH,),SOy,, 18 pM FeSO, - 7TH,0, 1 mM MgSO,, and 0.2%
glucose was used. All chemicals used were ultrapure (Sigma or Fluka) or Supra-
pur (EM). Na* and K measurements were made using sodium and potassium
ion-specific combination electrodes (Thermo-Orion). Cultures were grown at
37°C with shaking at 220 rpm. Exponential-phase cultures were grown to an
optical density at 600 nm of 0.4 (2 X 10° CFU/ml), while stationary-phase
cultures were grown overnight (18 h).

Acid resistance assays. Acid resistance assays were performed as described
previously (11). Briefly, cells were grown overnight in LB MOPS and LB MES
for AR1, LBG for AR2, or BHIG for AR3. LBG was used when studying the
glutamate-dependent system, but since arginine decarboxylase is not induced
well in LBG, BHIG was used to induce this system. Stationary-phase cultures
were diluted 1:1,000 into prewarmed pH 2.5 EG medium without amino acid
supplementation (for AR1), with 1.6 mM glutamate (for AR2), or with 1.0 mM
arginine (AR3). At various time points, 10-ul aliquots were removed and serially
diluted, and 10 wl of each dilution was plated on LB plates. CFU were deter-
mined, and percent survival was calculated relative to time zero.

Internal pH measurements. Internal pH was estimated by measuring the
distribution of a weak acid (radiolabeled salicylic acid) across the membrane (4,
8, 23). Salicylate has been used by us and others as a reliable indicator of internal
pH (13, 24, 26, 34, 47). Control cultures were grown to log phase (2 X 10* CFU
per ml) or stationary phase (10°CFU per ml) in LBG containing 25 mM sucrose
(final pH at time of assay, 6.9). Sucrose was added to prevent nonspecific binding
of radiolabeled sucrose, used later for water space measurements. Cultures to
test decarboxylase-dependent effects on internal pH were grown overnight to
stationary phase in LBG containing 25 mM sucrose for AR2 measurements or in
BHIG containing 25 mM sucrose for AR3 measurements. Cultures were then
harvested by centrifugation and resuspended in pH 7 EG medium containing no
additions or in pH 2.5 EG medium with and without 40 mM glutamate or
arginine. Final cell density after resuspension was 6 X 10 CFU/ml. Two reac-
tions were required for each assay. A total of 2,000 to 3,000 dpm of *H,O/ul (0.1
wCi/ul) was added to each reaction mixture. Next, 2,000 to 3,000 dpm of [*C]sa-
licylate (56.5 mCi/mmol) was added to one tube, and the same amount of
[**C]sucrose (462 mCi/mmol) was added to the other at time zero. At specific
times (30 or 60 min), 5 ul was taken from each tube for a direct isotope count,
and 100-pl aliquots were centrifuged through equal amounts of dibutylphthalate
(50 wl) and silicone oil (50 pl) to separate the supernatant from the cell pellet.
The amount of ['*C]sucrose, which does not penetrate the cytoplasmic mem-
brane, was used to determine the extracellular and periplasmic water space
remaining after centrifugation. Disintegrations per minute for ['*C]salicylate and
SH,O were then used to determine the internal pH value by the following
equation: pH; = log{([A;)/[Acu]) (10PK + 10PHout) — 10PKa} " where [A] is a
measure of salicylic acid and the pK, is 3.0.

¥ measurements. AV was measured using radiolabeled lipophilic anions or
cations (4, 23). Cells were grown as for internal pH measurements. Log-phase
and stationary-phase cultures were harvested by centrifugation and resuspended
in pH 2.5 EG medium containing 40 mM glutamate or 40 mM arginine. Final cell
densities were approximately 6 X 10° CFU per ml. Each measurement involved
two assays, one for charge distribution and one to determine water space. The
general methodology was similar to that used to estimate internal pH. For charge
distribution, 1,200 dpm of [*C]tetraphenylphosphonium bromide (TPP*; 5 mCi/
mmol) or potassium ['“C]thiocyanate (S'*CN~; 54 mCi/mmol)/pl was added to
one tube along with 2,000 to 3,000 dpm of *H,O. Extracellular and intracellular

E. COLI ACID RESISTANCE, pH, AND ELECTRICAL POTENTIAL 6033

water spaces were determined as above. Extracellular water space was used to
correct for the carryover of extracellular radiolabeled lipophilic ion not removed
during centrifugation. At 30 min, 5 pl was taken for total direct counts and 100
wl was centrifuged through dibutylphthalate-silicone oil. The accumulations of
[**C]TPP™ (or S'*CN™) and *H,O in cell pellets were used to determine AW
(23) by the following equation: AW = RT/zF - In([A,,J/[Ain]), where R is the gas
constant (8.28 J/K-mol), T is temperature (310.15 K), z is the charge of the
molecule (+ or —), and F is the Faraday constant (96,485 J/V * mol).

Similar assays were done with butanol-treated cells (20% butanol) to deter-
mine nonspecific binding, which was subtracted as background from the exper-
imental results. Background counts were no more than 10% of experimental
counts.

Whole-cell decarboxylation and antiport measurements. Transport and con-
version of [*H]arginine and [*H]glutamate to [*H]agmatine or [*H]y-aminobu-
tyric acid, respectively, and the subsequent end product efflux were measured
using intact and Triton X-100-permeabilized cells. Wild-type and gadA/B and
gadC mutant cells were grown for 22 h in 3 ml of BHIG (for arginine decarbox-
ylation) or LBG (for glutamate decarboxylation). Cells were harvested by cen-
trifugation, washed twice with EG medium (pH 7.0), and resuspended to 10°
cells/ml in 3.0 ml of prewarmed EG medium adjusted to pH 2.5 with HCI or to
other pH values as indicated. The medium contained 1.0 mM arginine, including
4 nCi of [*H]arginine (61 Ci/mmol) per ml or a final concentration of 0.4 mM
glutamate including 22,000 dpm of [*H]glutamate/pl. At timed intervals, 500-p.1
aliquots of cell-free supernatants were obtained by filtration (0.45-wm-pore-size
filters) and adjusted to pH 7.5 with 5 N NaOH, and 30- .l samples were subjected
to paper chromatographic separation as described previously (29). Marked bands
were cut and counted for radioactivity. Percent conversion was calculated from
total radioactivity on each strip.

Western blot analysis and cellular location of GadC. Cells were grown over-
night in 50 ml of EG pH 7.7 and EG pH 5.5. The cells were harvested by
centrifugation at 4,500 X g for 10 min (4°C), resuspended in 5 ml of cold 10 mM
HEPES buffer (pH 7.4), and passed twice through a French pressure cell
(Aminco) at 16,000 Ib/in?. Crude extracts were cleared of cell debris by centrif-
ugation at 4,500 X g for 10 min (two times). The resulting cleared supernatant
was ultracentrifuged at 90,000 X g (4°C) to separate membrane and soluble
fractions. Membrane pellets were washed with 2.0 ml of 10 mM HEPES buffer
(pH 7.4) to remove residual soluble proteins and resuspended in 300 wl of the
same buffer. Soluble fractions were also centrifuged at 90,000 X g to remove
residual membrane. Protein concentrations were measured using the Bio-Rad
protein assay reagent.

Western blot analysis of these fractions was carried out using rabbit anti-GadC
antibodies raised against a GadC-specific peptide (N'-CRARSPHYIV
MNDKKH) by Genemed Synthesis, Inc. Membrane and soluble fractions (3 pg
of protein) were separated on 10% polyacrylamide—sodium dodecyl sulfate gels
(30). Proteins were transferred to Immobilon-P (polyvinylidene difluoride) mem-
branes with a Semiphore transfer cell (Hoefer Scientific) at 100 mA for 2 h. The
membranes were blocked with 5% nonfat milk in Tris-buffered saline (10 mM
Tris [pH 8], 150 mM NacCl) containing 0.05% Tween 20 and incubated with
rabbit primary (1:8,000) and mouse anti-rabbit secondary (1:8,000) antibodies for
1 h at room temperature. The blot was developed with ECL detection reagents
(Amersham Pharmacia Biotech).

RESULTS

The role of C1~ transporters and the FO/F1 proton-translo-
cating ATPase in acid resistance. The goal of this study was to
further define how the amino acid-dependent AR systems pro-
tect against acid stress. We initially wanted to determine how
similar these systems were to the amino acid-independent sys-
tem AR1, whose mechanism is also a mystery. An elegant study
by Iyer et al. previously demonstrated that CI™ transporters
encoded by the clc genes of E. coli were important for AR2 and
ARS3 function (1, 21). However, their potential role in system
1 was not explored. Consequently, we examined whether the
Clc transporters also contributed to AR1.

Wild-type and AclcA/B cells were grown to stationary phase
in LB MES pH 5.5, an inducing condition for AR1, and then
tested for survival in pH 2.5 minimal medium without amino
acid supplementation (Fig. 1A). Both strains exhibited normal
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FIG. 1. Clc CI" transporters and acid resistance. (A) Cells (EK592
and EK590) were grown to stationary phase in LB MOPS (pH 8.0) and
LB MES (pH 5.5) and diluted 1:1,000 into EG pH 2.5 without exog-
enous amino acids to test AR1. (B) Cells were grown in LBG to
stationary phase and diluted 1:1,000 into EG pH 2.5 medium with and
without 1.6 mM sodium glutamate to test AR2.

ARI1 survival, indicating that the Clc CI™ transporters are not
required for ARI. Our results also confirmed that the clc
transporters are not essential but are important to both AR2
(Fig. 1B) and AR3 (data not shown) function. These data
indicate that a fundamental mechanistic difference exists be-
tween the amino acid-dependent and -independent acid resis-
tance mechanisms.

Another potential contributor to acid resistance is the FO/F1
H™ -translocating ATPase. The FO/F1 ATPase is a well-estab-
lished mover of protons across the cell membrane. This com-
plex couples the energy released as protons move into the cell
to the generation of ATP from ADP and P; (56). The ATPase
can also function in the opposite direction, hydrolyzing ATP to
pump protons out of the cell (28, 60). Because the basic prob-
lem of acid stress is thought to be cytoplasmic acidification, a
H™ pumping system like the FO/F1 ATPase has the potential to
aid in resistance to extreme acid stress (26). To explore this
possibility, each of the three acid resistance systems was tested
for its dependence on the proton-translocating ATPase by
comparing the pH 2.5 resistance of an afp mutant strain to that
of the wild type. The data presented in Fig. 2A reveal that the
ATPase was important for the protection provided by AR1.
However, AR1 was not totally dependent on the ATPase, since
residual survival was seen in the afp mutant. In contrast, the
ATPase was not needed for AR2 or AR3 to function properly
and did not function as a proton extruder in this situation. (Fig.
2B and C). These results and the chloride transporter results
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revealed fundamental differences between amino acid-depen-
dent and -independent acid resistance mechanisms.

These results also addressed another question. Some amino
acid decarboxylation reactions in other organisms are coupled
to ATP synthesis carried out by the FO/F1 proton-translocating
ATPase (2, 40, 44, 49). Knowing that the ATPase is not re-
quired for systems 2 and 3 indicates that any effect systems 2 or
3 may have on internal pH is most likely due to the glutamate
and arginine decarboxylation reactions themselves and not due
to an indirect effect on ATP synthesis.

AR2 and ARS3 help acid-stressed cells maintain an elevated
internal pH. We then examined if the amino acid-dependent
systems (AR2 and AR3) contribute to internal pH homeostasis
as predicted. Internal pH measurements were made on cells
suspended at various external pH values (Table 1). Control
experiments using pH 7-grown exponential-phase cells gave an
internal pH value (pH 7.8) comparable to that in previous
reports (51, 57). Cells grown at pH 7 to stationary phase had an
internal pH of 7.6.
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FIG. 2. The FO/F1 proton-translocating ATPase is required by
ARI. (A) Cells (EK227 and EF996) were grown in LB MOPS (pH 8.0)
or LB MES (pH 5.5) to stationary phase and diluted 1:1,000 into EG
pH 2.5 medium without exogenous amino acids (pH 5.5 induces AR1
function). (B) The same cells were grown in LBG to repress AR1 and
diluted 1:1,000 into EG pH 2.5 medium, with or without 1.6 mM
sodium glutamate. (C) Cells were grown in BHIG to repress AR1 and
diluted 1:1,000 into EG pH 2.5 medium with or without 1 mM L-
arginine. *, below the level of detection.
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TABLE 1. Effects of AR2 and AR3 on Ay during acid challenge of EK227

Expt no. System” Addition % Survival External pH? Internal pH® ApH AY© (mV) PMF (mV)
1 Log phase None ND“ 6.9 = 0.2° 7.8 £0.1 —53*4 —86 =3 —139
Stationary phase None ND 6.8 0.2 7.6 0.1 —44 4 —52*6 -96
2 AR2 None <0.1 23x0.0 3.6 0.1 =73x5 -5*+4 =78
Glutamate 100 25+0.1 42+0.1 —108 = 6 306 —78
3 AR3 None <0.1 24 =0.1 3.7%=0.1 -80 =7 4x1 =76
Arginine 75 2.6 +0.1 47+0.1 —128 £ 2 8117 —47

“ Cells used in experiments 1 and 2 were grown in LBG medium to induce AR2. Cells used in experiment 3 were grown in BHIG to induce AR3.
® Starting external pH values were the same with and without glutamate, but the decarboxylation of glutamate over 30 min raised external pH slightly.

¢ Internal pH and Ay were measured after 30 min of acid challenge.
4 ND, not determined.
¢ Standard error of the mean.

When stationary-phase cells were examined during acid
stress at external pH 2.5, differences in internal pH were ob-
served depending on whether the cells were challenged in the
presence or absence of glutamate or arginine. In the absence of
amino acid supplementation, the internal pH was 3.6. When
glutamate or arginine was added, internal pH rose to pH 4.2
and 4.7, respectively (Table 1). These results indicate that AR2
and AR3 do elevate internal pH. However, the internal pH
achieved was lower than anticipated. Based on studies with
Salmonella, we expected that internal pH levels lower than pH
5.5 would be lethal (13, 43). The internal pH gained by the
arginine-dependent system was higher than with the gluta-
mate-dependent system, yet survival was somewhat lower. The
difference in internal pH attained by these different systems
suggested that maintenance of internal pH is not the only
element contributing to survival. AR1 and the lysine-depen-
dent system were not tested for effects on internal pH because
viability could not be maintained above 10% over the course of
the experiments.

Internal pH levels achieved during acid stress correlate to
the pH of maximal glutamate or arginine decarboxylation.
Since the internal pH measured in acid-resistant cells was
lower than anticipated, we sought another method to confirm
the readings. One approach used various forms of green fluo-
rescent protein, whose fluorescence level changes with pH.
The results indicated that the internal pH at external pH 2.5
was below the range of detection with this method (pH 5) (data
not shown). This supported the earlier estimates. We then
realized that the reported pH optima of the decarboxylases
(pH 4 and 5 for glutamate and arginine decarboxylases, respec-
tively) seemed remarkably similar to the internal pH measure-
ments. If this correlation held, one would predict that decar-
boxylation by intact cells should be maximal at external pH 2.5,
at which internal pH (pH 4 to 5) was near the pH optima of the
decarboxylases.

Before determining the pH at which intact cells maximally
converted glutamate to GABA, we established that GadC
serves as the antiporter for glutamate-dependent acid resis-
tance. Previous work from our laboratory revealed that AdiC
was the antiporter for the arginine-dependent acid resistance
system (11, 15, 31). GadC, however, is only presumed to be the
glutamate:GABA antiporter, based on computer sequence
analysis. To provide evidence that GadC is the antiporter, we
first established that this protein was membrane associated
(Fig. 3A) and then demonstrated that gadC mutants would
only decarboxylate glutamic acid if Triton X-100 were used to

solubilize the membrane and bypass the transport requirement
(Fig. 3B).

We then measured the extracellular pH at which intact cells
carried out maximal transport and conversion of glutamate to
GABA (or arginine to agmatine) and compared those values
to what occurred with Triton X-100-permeabilized cells, where
internal pH approximates the external pH. Conversion of sub-
strate to product was determined using equal amounts of pro-
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FIG. 3. GadC is the antiporter for glutamate-dependent acid resis-
tance. (A) Western blot assay. Cells were grown to stationary phase in
minimal EG medium, and extracts were prepared with a French press.
Crude extracts were separated into soluble and insoluble membrane
pellets by ultracentrifugation. Samples of each fraction were electro-
phoresed through a 10% polyacrylamide gel electrophoresis gel and
probed with anti-GadC antibody. (B) GadC is required for intact cells
to convert glutamic acid to GABA. Cells were grown in LBG to
stationary phase, washed in minimal EG pH 7.0 medium, and resus-
pended in EG at different pH values. Radiolabeled glutamic acid was
added to suspensions of intact cells placed at pH 2.5 and to suspen-
sions of cells permeabilized with 0.1% Triton X at pH 4.4, the reported
internal pH of acid-challenged cells. Substrate (striped bars) and prod-
uct (solid bars) present in filtered supernatants were separated by
paper chromatography and identified by staining with 0.3% ninhydrin.
WT, EK227; gadC, EF962; gadAB, EF522.

WT  gadC gadA/B
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FIG. 4. Intracellular pH optima of glutamate and arginine decarboxylases correlate to the internal pH of acid-stressed cells. EK227 cells were
grown to stationary phase in LBG. Conversions of glutamate and arginine to GABA and agmatine, respectively, were carried out essentially as
described in the legend for Fig. 3. Cells, either intact or Triton X solubilized, were resuspended at different pH values, and radiolabeled substrate

was added.

tein from intact and permeabilized cells, equal amounts of
substrate, and equal reaction times as described in Materials
and Methods. The decarboxylation of glutamate to GABA in
permeabilized cells occurred maximally between pH 4.4 and 5
(Fig. 4B). Under similar conditions, maximal conversion of
arginine to agmatine took place between pH 5 and 5.5 (Fig.
4C). These values were in agreement with published reports of
pH optima using cell extracts (5, 55). However, the situation
was very different using intact cells, where pH homeostasis
mechanisms such as amino acid decarboxylation operate to
alkalinize internal pH relative to external pH. Under these
conditions, maximal conversion for both systems occurred
around pH 2.5, as predicted (Fig. 4A) (11). The results suggest

that optimal decarboxylation at external pH 2.5 by intact cells
is consistent with an internal pH between pH 4 and 5 and that
the different internal pH values generated using glutamate
versus arginine might reflect the different pH optima of the two
decarboxylases.

Of course, for intact cells, the external pH allowing maximal
conversion is factorial, reflecting separate pH optima of transport
and decarboxylation. Although it has yet not been tested, it is
possible that the antiporters only activate at external pH 2.5.
Thus, the optimal pH of substrate-to-product conversion by intact
cells may only reflect transport. However, once the amino acids
enter the cell, it seems unlikely that the decarboxylases could
cause internal pH to rise much above their pH optima.
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FIG. 5. A specific internal pH is not the only requirement for acid
stress survival. Cells (EK227) were grown in LBG to stationary phase.
A 1-ml aliquot of the culture was harvested and resuspended in 200 pl
of EG pH 2.3 medium with 40 mM sodium glutamate or pH 2.7
medium without exogenous glutamate. (A) Internal pH measurements
were made at 0, 30, and 60 min after acid challenge. (B) ApH (inset)
and survival were measured in the presence (hatched bars) and ab-
sence (solid bars) of glutamate. ApH was calculated by subtracting the
internal pH from the external pH.

A specific internal pH value is not required for extreme acid
stress survival. Taking into consideration that the internal pH
values calculated for AR2 and AR3 were different from one
another yet both systems protected cells from acid stress, an
experiment was performed to determine if a specific internal
pH was required for survival during acid stress. Cells were acid
challenged with and without glutamate, but culture conditions
were manipulated such that the internal pH of both cultures
was equal. If a given pH were all that was required for survival,
then both cultures should survive equally well. To conduct this
experiment, the external pH values of the two cultures were
adjusted independently so that the internal pH values were
equivalent over the time of the experiment (Fig. SA). When
this was done, cells challenged in the presence of glutamate
still survived better than cells challenged without glutamate
(Fig. 5B, 60 min). This result supports the hypothesis that
achieving a specific internal pH value is not the only goal of
these acid resistance systems. Since cells challenged at pH 2.5
in the presence of glutamate or arginine still generated a
greater ApH than cells challenged without amino acid, main-
tenance of ApH may be of greater importance to survival than
achieving a specific internal pH value (Fig. 5B, inset).

Reversal of AW during survival under extreme acid stress.
Clues as to how E. coli handles pH 2 acid stress could come
from acidophiles, organisms that naturally live and grow under
extreme acid stress. Acidophiles use a novel approach to cope
with the rigors of low pH. Neutralophiles like E. coli maintain

E. COLI ACID RESISTANCE, pH, AND ELECTRICAL POTENTIAL 6037

an electrochemical gradient (A'W) with a negative inside charge
as part of generating PMF (16, 25). However, the AW of aci-
dophiles growing at low pH is reversed, consisting of an inside
positive charge (16, 35). It has been proposed that this strategy
helps repel protons and maintain a higher internal pH. In
acidophiles, this is thought to be achieved by an array of trans-
porters and ion pumps that convert a negative AW to a positive
AW under extremely acidic conditions (20, 35, 37).

We hypothesized that E. coli might carry out a similar feat as
a result of the decarboxylation and antiport process. To ad-
dress this possibility, AW values for E. coli under extreme acid
stress conditions were determined. Log-phase cells at pH 7
exhibited an expected negative AW (—86 mV) and a PMF of
—140 mV (Table 1). These values are somewhat lower than in
some other reports (—160 to —180 mV) due to differences in
growth media (LBG and BHIG here, versus minimal media),
aeration, and the fact that these cells were fermenting rather
than respiring. Stationary-phase cells at pH 7 had a somewhat
lower AW (—52 mV) and a PMF of approximately —100 mV.
However, under extreme acid stress at pH 2.5, E. coli changed
its normally negative AW to a positive AY when glutamate or
arginine was present (Table 1). Cells challenged at pH 2.5 for
30 min in the absence of glutamate or arginine had a AW near
zero. In contrast, the addition of glutamate or arginine re-
versed the membrane potential, and AV became positive in-
side (+30 for glutamate and +80 for arginine). Confirmation
of this reversal was obtained using TPP™, which was excluded
from cells when the glutamate decarboxylase system was func-
tioning (data not shown). The production of a positive AW in
acid-stressed, living E. coli was a surprising finding, but it may
explain the survival characteristics of the organism.

There has been controversy over similar studies performed
using H. pylori, another neutralophilic organism that can sur-
vive extreme acid pH (36, 54). One report indicated that H.
pylori inverts AW during extreme acid stress, similar to acido-
philes and consistent with our results in E. coli (36). The
second report found that the urease this organism produces
will elevate internal pH when external pH is 1.2, but in contrast
to acidophiles, they did not find Helicobacter inverted trans-
membrane electrical potential (54). In fact, the PMF measured
was as high as —254 mV. The first study was criticized by the
latter one for not taking into account nonspecific binding of
radioactive probes. The results presented here with butanol-
treated E. coli clearly accounted for nonspecific binding and
still measured a positive inside electrical potential.

Neither potassium nor sodium ions are required for gluta-
mate- or arginine-dependent acid resistance mechanisms.
Knowing that E. coli reverses its transmembrane potential
raises the question of the source of the positive charges leading
to positive inside AW. Two obvious candidates would be so-
dium or potassium ions, known to contribute to pH homeosta-
sis under other circumstances (23, 41, 42). To address this
question, cultures were grown to stationary phase in EG to
induce the glutamate decarboxylase system. Cells were washed
several times in MC buffer (10 mM MgCl, and 5 mM CacCl,)
to remove most residual Na™ and K. The washed cells were
then added to pH 2.5 water (Milli-Q Ultrapure) containing 1
mM glutamic acid - HCI or to M63 media containing different
amounts of both ions. There were no significant survival dif-
ferences in pH 2.5 media containing K* concentrations rang-
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ing from 10 pM to 100 mM or Na™ concentrations ranging
from 100 pM to 100 mM. After 2 h at pH 2.5, survival was
maintained between 50 and 80% regardless of the Na™ or K*
concentration (data not shown). The results suggest that nei-
ther Na™ nor K™ ions were required for the system to work.
The low intracellular pH (approximately 4.5) would likely pre-
vent many, if not all, other housekeeping ion movement mech-
anisms from working efficiently. Thus, the accumulation of the
positively charged decarboxylation product most likely ac-
counts for the reversal of transmembrane potential.

DISCUSSION

E. coli is a remarkably acid-resistant neutralophilic organism
that prefers growth near neutral pH but is able to withstand
transient exposures to pH 2 environments for hours. Four
systems contribute to this acid resistance. The two most robust
systems use glutamate and arginine decarboxylases. Transcrip-
tional controls regulating the synthesis of these systems have
been heavily studied; however, the mechanisms by which they
provide acid resistance have not been established. The prevail-
ing hypothesis has been that protons entering the cell are
consumed by the decarboxylase reaction via exchange with the
amino acid a-carboxyl group. The decarboxylated product is
returned to the exterior by antiport in exchange for more
substrate (38). The ultimate goal of this cycle would be to raise
internal pH to a level that protects sensitive cell constituents.
Surprisingly, Na*:H" and potassium:H" antiport systems,
thought to be important for pH homeostasis under pH condi-
tions more suited for growth, appeared unimportant for sur-
vival under extreme acid stress (6, 7, 9, 27, 61). The results of
this work indicate that the amino acid-dependent AR systems
increase internal pH and reverse transmembrane potential.
Whether one feature is more important than the other is not
known.

The CO, that evolved as a result of decarboxylation did not
appear to contribute to pH homeostasis at this acid extreme.
Carbonic anhydrase essentially adds water, not free protons, to
CO, to make carbonic acid (H,CO,); carbonic acid can then
dissociate to HCO5 and H™. Because the pK, of this reaction
is 6.5, an internal pH that is estimated to be between 4.2 and
4.7 will prevent this dissociation (18). Another reason carbonic
anhydrase probably does not contribute to pH homeostasis at
this extreme is that the protein has an alkaline pH optimum,
making it unlikely that the enzymatic formation of carbonic
acid will occur at pH 4 to 5. However, the system might con-
tribute to pH homeostasis in the vicinity of the pK, of carbonic
acid.

Although glutamate and arginine decarboxylases were
shown to raise internal pH at external pH 2.5, the cytoplasm
remained remarkably acidic (pH 4.2 to 4.7). Ordinarily, E. coli
prefers to keep internal pH slightly alkaline (pH 7.8) during
growth. This surprising finding was supported by two other
results. First, besides using the radiolabel distribution assay,
efforts to use green fluorescent protein derivatives for internal
pH measurements indicated that the internal pH during pH 2.5
acid stress was below pH 5, the limit of detection by this
method. Second, if internal pH were considerably higher than
our measurements indicated, then other amino acid decar-
boxylases with higher pH optima, such as ornithine decarbox-
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ylase (pH optimum 7.0), might be expected to function as
effective acid resistance systems. However, ornithine decarbox-
ylase does not protect cells at pH 2.5, a finding we attribute to
the high pH optimum limiting enzymatic function at the acidic
internal pH reported here (3, 22). The situation with lysine
decarboxylase (CadA) further supports the hypothesis. This
enzyme has a pH optimum of pH 5.7, which is more acidic than
ornithine decarboxylase but less acidic than the arginine or
glutamate enzymes (48). Consistent with its intermediate pH
optimum, there is a lysine-dependent acid resistance mecha-
nism, but it is much less effective than the glutamate or argi-
nine systems (22).

A major advance in our understanding of acid resistance
came with the discovery that the chloride transport proteins of
E. coli (ClcA and ClcB) are important (but not essential) to
acid resistance (21). In their discussion, Iyer et al. proposed
that at pH 2.5, protons cross the membrane and enter the cell
in the form of uncharged HCI molecules that dissociate intra-
cellularly into H* and Cl1™. At the high KCI concentration used
in their experiments (40 mM), that is certainly possible. The
intracellular protons are then consumed by decarboxylation,
and the excess Cl~ (or other anions) is thought to be removed
via the Clc chloride transporters, which are thought to be
channels. They proposed that these “channels” would provide
an electrical shunt to prevent excessive inner membrane po-
larization predicted to occur, in the case of the arginine-de-
pendent system, during the exchange of the intracellular de-
carboxylation product agmatine (+2) for the extracellular
substrate arginine (+1). In their model, excessive charge, neg-
ative inside, would build in the absence of the Clc channels.
Cl™ exit through the channels would prevent the cell interior
from becoming too negatively charged. Although not explicitly
stated, their model implied that when all the systems are func-
tioning, the resulting AW would still be negative inside when
external pH is 2.5. The discovery that the Clc products are
actually H":CI™ antiporters suggests that the original model of
Iyer et al. requires revision (1, 21).

We have carried out the internal pH and AY measurements
needed to test the model, and we found that E. coli does not
hyperpolarize but reverses membrane potential during acid
stress, mimicking the strategy of an acidophile. We propose
that the reversal of transmembrane charge by AR2 and AR3 is
the direct result of proton influx combined with the production
of positively charged decarboxylation products (GABA or ag-
matine) inside the cell. At low Cl™ ion concentrations (no
added KCl), it is generally perceived that protons, under pH
2.5 acidic conditions, enter the cell without an associated chlo-
ride ion (Fig. 6). If true, then proton intrusion alone would add
considerably to the positive charges inside the cell. For in-
stance, when the external pH is 2.5, internal pH moves from
roughly 7.5 to 4.5, meaning the number of protons inside the
cell (starting at 10 protons per cell at pH 7.5) increases 1,000-
fold (to approximately 10,000 protons per cell). This may be
enough to dissipate the normally negative interior charge of
stationary-phase cells. Movement of about 10,000 H" ions
across the membrane can change the calculated AW by 60 mV
(17). Of course, more than 10,000 protons must enter the cell
to lower pH, because many protons become buffered by cell
constituents, which can also add to the positive charge.

At steady state in the presence of glutamate or arginine,
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FIG. 6. Model for amino acid-dependent acid resistance. Acid stress at pH 2.5 results in illicit entry of H*, which decreases pH and increases
positive charge. As pH; drops to around 5, arginine decarboxylase will start to consume protons and convert +1-charged arginine to +2-charged
agmatine, further increasing the positive charge. An antiporter will not completely drain agmatine from the cell, as it is continually being made
during decarboxylation. In this model, the evolution of CO, does not contribute toward internal pH or charge since (i) the proton donor to make
carbonic acid is water, not a proton; (ii) carbonic anhydrase will not function at pH 4.5; and (iii) at this internal pH bicarbonate will not form (pK,
= 6.1). The role of the Clc H":Cl~ antiporter is unknown but may help expel H", limit excess internal positive charge, and aid in returning the

cell to an inside negative charge as external pH returns to neutrality.

additional protons that enter are effectively consumed by the
decarboxylation reaction, which keeps internal pH near 4.5.
This consumption removes the proton from pH consideration,
but the associated positive charge remains in the end product
(GABA or agmatine). Although the charge is eventually re-
moved by what is probably electrogenic antiport, there must
always be a pool of end product in the cell to continuously
drive antiport. Thus, the intracellular pool of agmatine at any
one instant could be as high as half of the original intracellular
arginine pool (approximately 5 to 10 mM). This scenario is
consistent with our findings.

The precise role of the Clc antiporters in this system remains
unclear. Eliminating the antiporters clearly impairs acid resis-
tance, whether high-Cl™ or low-Cl™ media are used (15) (Fig.
1B). It would make sense if these antiporters allowed entry of
Cl™ ions to counter the positive inside AW produced as a result
of proton influx and decarboxylation, so that when the inside
charge is positive, the Clc antiporters could allow entry of
negative charges and prevent membrane hyperpolarization in
the direction opposite to that predicted by Iyer et al. (21). This
would also allow excess H" ions to be expelled from the cyto-
plasm in exchange for Cl™.

Calculations by Iyer et al. established the conversion rate of
glutamate to GABA to be approximately three times that of
arginine to agmatine within minutes of exposure to pH 2.5 (10*

versus 3 X 10° molecules per min per cell, respectively) (21).
This does not contradict the differences we observed in the AW
measurements, where the arginine system generated 2.7 times
more positive charge than glutamate. The apparent contradic-
tion can be resolved by considering the different ionizable
groups on glutamate and arginine.

The a-carboxyl groups of both glutamate and arginine have
pK, values of 2.1 and, thus, they will be less than 50% proton-
ated at external pH 2.5. Upon entering what is probably a
less-acidic GadC antiporter channel, we predict the remaining
H™ will be released to the periplasm, and so the group on both
amino acids would enter as COO™. However, glutamate, but
not arginine, also has a side chain carboxyl group with a dis-
sociation constant of 4.3. If the pH of the mouth of the anti-
porter is near external pH 2.5 (pH 3 for instance), then this
carboxyl group will be mostly protonated as it enters the cell.
Once inside the cytoplasm, about half of those side chain
protons will dissociate at the higher internal pH (4.2) and then
be consumed again during decarboxylation to form GABA.
The result would be a futile proton cycle as well as an electro-
neutral conversion. Thus, the higher reported conversion of
glutamate to GABA would not generate as much internal
positive charge as the slower arginine system.

How might the cell recover from an inverted AW? In our
model, as acid stress is reduced (i.e., as external pH becomes
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less acidic) proton intrusion stops, but the decarboxylases con-
tinue to remove internal protons and allow internal pH to rise.
The excess positive charges leading to the inverted AY are now
in the form of decarboxylation products that can be removed
by the antiporters. In the case of arginine and agmatine, a +2
is extruded in exchange for a +1 charge. As long as no more
H™ flows into the cell, this exchange combined with the import
of anions by the Clc antiporters (or other means) are predicted
to restore a negative inside electrical potential. Finally, normal
homeostatic mechanisms take over, and the cell can resume
growing.

How might an inside positive membrane potential aid sur-
vival at extreme acid pH? One hypothesis is that converting
membrane potential from negative inside to positive inside
may be a way to repel protons. While it is true that internal pH
falls to 4.2 to 4.7, the drop would be more severe without the
repelling force of a positive inside charge. However, in the
experiment where internal pH was maintained at 4.0 with and
without glutamate, the cells with glutamate survived better,
arguing that the primary role of a positive AY would not be to
repel protons to change internal pH. Alternatively, a positive
AW¥ might mitigate excess PMF that can form when ApH is
large.

An internal pH of 4.5 and a positive inside membrane po-
tential would be disastrous to growing E. coli cells. We propose
these conditions pose only minor problems to a cell under
extreme acid stress. At external pH 2.5, the internal pH of the
cell is so low that very few metabolic reactions can even take
place. For instance, protein synthesis is undetectable under
these conditions, and the cells clearly are not growing. As a
result of metabolic stasis, the cell could also survive a relatively
short period of reversed transmembrane potential. The overall
result may actually protect the cell from inadvertent, self-in-
flicted damage.

In sum, the results presented indicate that even though E.
coli cannot grow under acidophilic pH conditions, the organ-
ism may have learned to traverse the gastric acid barrier by
adopting part of the acidophile survival strategy. The decar-
boxylase systems may protect against severe acid stress in two
ways. Consuming protons by decarboxylation would produce a
less acidic internal pH and generate an inside positive potential
that could help repel protons and/or prevent excessive PMF.
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